Mutualistic symbioses are often a source of evolutionary innovation and drivers of biological diversification 1 . Widely distributed in the microbial world, particularly in anoxic settings 2,3 , they often rely on metabolic exchanges and syntrophy 2,4 . Here, we report a mutualistic symbiosis observed in marine anoxic sediments between excavate protists (Symbiontida, Euglenozoa) 5 and ectosymbiotic Deltaproteobacteria biomineralizing ferrimagnetic nanoparticles. Light and electron microscopy observations as well as genomic data support a multi-layered mutualism based on collective magnetotactic motility with division of labour and interspecies hydrogen-transfer-based syntrophy 6 . The guided motility of the consortia along the geomagnetic field is allowed by the magnetic moment of the non-motile ectosymbiotic bacteria combined with the protist motor activity, which is a unique example of eukaryotic magnetoreception 7 acquired by symbiosis. The nearly complete deltaproteobacterial genome assembled from a single consortium contains a full magnetosome gene set 8 , but shows signs of reduction, with the probable loss of flagellar genes. Based on the metabolic gene content, the ectosymbiotic bacteria are anaerobic sulfate-reducing chemolithoautotrophs that likely reduce sulfate with hydrogen produced by hydrogenosome-like organelles 6 underlying the plasma membrane of the protist. In addition to being necessary hydrogen sinks, ectosymbionts may provide organics to the protist by diffusion and predation, as shown by magnetosome-containing digestive vacuoles. Phylogenetic analyses of 16S and 18S ribosomal RNA genes from magnetotactic consortia in marine sediments across the Northern and Southern hemispheres indicate a host-ectosymbiont specificity and co-evolution. This suggests a historical acquisition of magnetoreception by a euglenozoan ancestor from Deltaproteobacteria followed by subsequent diversification. It also supports the cosmopolitan nature of this type of symbiosis in marine anoxic sediments.
Mutualistic symbioses are often a source of evolutionary innovation and drivers of biological diversification 1 . Widely distributed in the microbial world, particularly in anoxic settings 2, 3 , they often rely on metabolic exchanges and syntrophy 2, 4 . Here, we report a mutualistic symbiosis observed in marine anoxic sediments between excavate protists (Symbiontida, Euglenozoa) 5 and ectosymbiotic Deltaproteobacteria biomineralizing ferrimagnetic nanoparticles. Light and electron microscopy observations as well as genomic data support a multi-layered mutualism based on collective magnetotactic motility with division of labour and interspecies hydrogen-transfer-based syntrophy 6 . The guided motility of the consortia along the geomagnetic field is allowed by the magnetic moment of the non-motile ectosymbiotic bacteria combined with the protist motor activity, which is a unique example of eukaryotic magnetoreception 7 acquired by symbiosis. The nearly complete deltaproteobacterial genome assembled from a single consortium contains a full magnetosome gene set 8 , but shows signs of reduction, with the probable loss of flagellar genes. Based on the metabolic gene content, the ectosymbiotic bacteria are anaerobic sulfate-reducing chemolithoautotrophs that likely reduce sulfate with hydrogen produced by hydrogenosome-like organelles 6 underlying the plasma membrane of the protist. In addition to being necessary hydrogen sinks, ectosymbionts may provide organics to the protist by diffusion and predation, as shown by magnetosome-containing digestive vacuoles. Phylogenetic analyses of 16S and 18S ribosomal RNA genes from magnetotactic consortia in marine sediments across the Northern and Southern hemispheres indicate a host-ectosymbiont specificity and co-evolution. This suggests a historical acquisition of magnetoreception by a euglenozoan ancestor from Deltaproteobacteria followed by subsequent diversification. It also supports the cosmopolitan nature of this type of symbiosis in marine anoxic sediments.
Many organisms are able to sense the geomagnetic field to geolocate and navigate 9, 10 . Yet, the genetic, cellular and biophysical processes involved in magnetoreception have remained elusive in sensory biology for decades 7, 11 . So far, magnetoreception has only been well described in magnetotactic bacteria 8 . These prokaryotes sense magnetic fields owing to ferrimagnetic nanocrystals biomineralized in organelles called magnetosomes 12 . Their alignment in chains parallel to the cell-motility axis gives a magnetic moment to the bacteria. This ensures navigation of the cells along magnetic field lines using their flagellar apparatus 12, 13 . Despite a 30-year-old report suggesting the existence of magnetotactic microbial algae 14 , no study has ever proved that microbial eukaryotes (protists) could produce such magnetite-based organelles for magnetoreception.
Looking for magnetotactic organisms, we applied a standard magnetic enrichment protocol to marine sediments and water in a dyked area sheltered from major currents in the Mediterranean coast in Carry-le-Rouet, France (see Site description and sample collection in Methods). After magnetic enrichment, populations of north-seeking magnetotactic bacteria, attracted by the south pole of a magnet, were observed as the dominant magnetically responsive organisms ( Supplementary Fig. 1 ). However, we uncovered populations of atypical south-seeking organisms under a light microscope by switching the polarity of the magnetic field ( Fig. 1a and Supplementary Video 1). The behaviour and morphological features of these ovoid, striated-looking and flagellated organisms, 16 ± 2 µm in length and 8 ± 2 µm in width (n = 50), were consistent with those of protists (Fig. 1b) . The depth profiles of oxygen fugacity and concentrations of magnetotactic cells in the sediment showed that magnetic protists were located below the oxic-anoxic transition zone ( Supplementary Fig. 2 ). These protists were the only organisms with a south-seeking polarity for most of the samples (Supplementary Video 1). When magnetic protists were immobilized between a microscope slide and coverslip under a light microscope, frictions and osmotic shocks led to their mechanical disaggregation and revealed the presence of dozens of 5-µm-long, rod-shaped and slightly curved cells attached to the protist surface (Fig. 1c) . Transmission and scanning electron microscopy (TEM and SEM, respectively) analyses confirmed that each magnetic organism was actually an assemblage composed of bacteria biomineralizing magnetosomes and covering entirely a unicellular flagellated protist (Fig. 2a-d) . Each of the ectosymbiotic bacteria Letters NATuRE MIcRoBIoLogy contained a single chain of 27 ± 9 magnetite particles (n = 100) with a length of 74 ± 8 nm and a width of 67 ± 8 nm (n = 100; Fig. 2b ,e and Supplementary Fig. 3 ). These magnetite particles did not present the morphological features usually observed in magnetite-producing environmental magnetotactic bacteria-that is, the chains were not composed of homogeneously distributed octahedral or bullet-shaped magnetosomes (Supplementary Fig. 1 compared with Supplementary Fig. 3 and Fig. 2e ). The bacteria and their magnetosome chains were tightly arranged parallel to the motility axis of the eukaryotic cells (Fig. 2a,d ), which optimizes the magnetic moment of the entire consortium. The cohesiveness between the bacteria involved overlapping wing-like structures observed by TEM along each side of the cells ( Supplementary Fig. 4a-c) . Such wing-like structures were previously described for the ectosymbiotic bacteria of Postgaardi mariagerensis 15 . Mucilage probably also helped maintain bacterial attachment to the protist cell ( Supplementary Fig. 4d ). Once detached from the surface of their host, the bacteria remained aligned with the artificial magnetic field but could not swim because of the absence of a flagellum ( Supplementary Fig. 5a-e) . As a consequence, magnetic ectosymbiotic bacteria (MEB) cannot be considered magnetotactic bacteria, as a magnetotactic bacterium is by definition a motile prokaryote whose motility is influenced by magnetic field lines 12 . Altogether, these observations indicate that the magnetic orientation of the protist is achieved through the associated magnetic bacteria.
We searched for this type of magnetic consortia in other locations to assess their distribution in sediments. Although they were never detected in freshwater sediments and marine areas exposed to major currents, they were routinely observed in the anoxic sediment layers from sheltered marine environments. Protists with similar magnetic behaviour and morphology to those from Carryle-Rouet were observed in sediments from the Mediterranean Sea at Port Leucate, Port de Boulouris and Cap de Creus, and from the Pacific Ocean at San Francisco Bay, USA and the Akaroa peninsula in New Zealand (Supplementary Fig. 6 ). Magnetic protists from the Southern Hemisphere also had a swimming direction opposite to that expected for magnetotactic organisms 16 . All protists shared the same phenotypic traits, exhibiting synapomorphies defined for the Euglenozoa; for example, all have two flagella with reinforced heteromorphic paraxonemal rods 5 (that is, one dorsal flagellum with a tubular rod and one ventral flagellum with a lattice structure; Fig. 2c ). The morphology and the peculiar association with ectosymbiotic bacteria suggested that the protist host belonged to the Symbiontida group. Symbiontida include few described species (that is, Postgaardi mariagerensis, Bihospites bacati and Calkinsia aureus) that also live in oxygen-deprived marine sediments and harbour ectosymbiotic bacteria [17] [18] [19] . The identity of both the host and symbionts of the magnetic consortia was then investigated by sequencing of the 18S and 16S ribosomal RNA genes amplified from magnetically purified populations and sorted single holobionts (that is, a single protist cell with its MEB). The 18S rRNA phylogenetic analysis confirmed the protists affiliation to the Symbiontida, with Calkinsia aureus being the genetically closest described species (79-84% identity; Fig. 3a) . The MEB formed a monophyletic clade affiliated to the Deltaproteobacteria whose members are mostly sulfate-reducing bacteria. They clustered within the order Desulfobacterales (Fig. 3b) , which includes the characterized magnetotactic bacteria Candidatus Magnetoglobus multicellularis 20 and Desulfamplus magnetovallimortis 21 . We report here a magnetosome-producing bacterium affiliated to the Deltaproteobacteria whose magnetite particles are not bullet-shaped 22 . Fluorescence in situ hybridization using specific fluorescently labelled oligonucleotide probes further confirmed the MEB identity ( Supplementary Fig. 7 ). Only one single deltaproteobacterial 16S rRNA sequence could be retrieved from the cloning and sequencing of individual symbiotic consortia, suggesting the presence of a single ectosymbiotic phylotype per consortium. Accordingly, we searched for any evidence of co-evolution by comparing 16S/18S rRNA gene phylogenies built from hosts and their associated symbionts. The topology of phylogenetic trees of the hosts and their respective MEB were congruent, suggesting that the two symbiotic partners co-evolved and diversified from a single ancestral magnetotactic symbiosis established between Symbiontida and Deltaproteobacteria (Fig. 3c) .
Altogether, the behaviour and structural peculiarities of the magnetotactic holobionts, the existing knowledge about Symbiontida lifestyle and the evidence for host-ectosymbiont co-evolution support that protists and MEB established an obligate mutualistic 
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NATuRE MIcRoBIoLogy symbiosis involving magnetoreception. In the absence of available cultures to evaluate a potential fitness gain brought by the symbiosis, we looked for genomic features providing information about mutual beneficial effects. The potential metabolic dependence of ectosymbionts on their protist host was investigated by genome analysis of a single holobiont isolated from Carry-le-Rouet and named CR-1 after whole-genome amplification (WGA) and sequencing. The MEB population CR-1 is considered to be representative of the magnetotactic holobionts as the 16S rRNA gene sequence was at least 92% identical with that of all the 26 MEB sequenced in this study. However, further sequencing will allow assessment of the core genome of these organisms. We assembled a 3.2 Mb long genome of the MEB (98.1% complete), which was significantly smaller than the genome of its free-living closest relatives (Supplementary Table 1) , from short and long sequencing reads. Genome size reduction is a process well known in obligate parasites and mutualistic symbionts 23 , which lose non-essential functions in the symbiotic context by becoming highly specialized and trophically dependent on their host partner 24 . The functional annotation of the MEB genome in comparison with that of other free-living magnetotactic and nonmagnetotactic Desulfobacteraceae, showed that the proportion of genes involved in signal transduction and motility was up to 3.3 and 7.5 times smaller, respectively ( Supplementary Fig. 8 ). More specifically, none of the genes encoding flagellar proteins or classical chemotaxis pathways were detected (Supplementary Notes). As expected, a magnetosome gene cluster typical of magnetotactic Deltaproteobacteria was fully assembled within a large 366 Kb contig ( Fig. 3d and Supplementary Table 2 ). The magnetotactic 
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consortium phenotype in combination with the ectosymbiont gene content further strengthened the idea that the holobiont magnetotaxis results from an interaction in which the MEB exert magnetic sensing, whereas the protist ensures motility (Supplementary Fig. 5 and Supplementary Video 1). This atypical anterior-posterior orientation of the cells polarity regarding the magnetic moment seems to be restricted only to anaerobes, which seek the surface at the bottom limit of the oxic-anoxic transition zone, instead of the deep. The benefit for the magnetic protist remains to be fully determined but might be similar to that attributed to free-living magnetotactic bacteria with the same unusual magnetotactic behaviour 25, 26 : magnetotaxis could facilitate protist navigation towards chemical and redox optimal niches through sensors that have a different response to chemical gradients. On the bacterial side, several advantages may be hypothesized. For instance, transportation by a predatory protist could reduce the energy cost linked to flagellar-apparatus assembly 27 and might also be a way to provide protection for the MEB against predation by other protists. In return, the shell formed by ectosymbionts could maintain an extracellular skeletal structure as described for other symbioses 28 and conceal the protist from other predators. However, the most likely benefit for the bacteria is metabolic trade-off with its host. Elaborated syntrophy, in which metabolic exchange is made possible by the positioning of the magnetotactic consortium in optimal redox conditions, appears the ultimate basis of this symbiosis. The metabolic gene content of MEB strongly suggests that they are strict anaerobic bacteria gaining energy by sulfate reduction coupled with the oxidation of organic or inorganic compounds like other Desulfobacteraceae 29 . Several sets of genes encoding the major metabolic components involved in sulfate reduction were indeed found in the MEB genome (for example, the dsrAB operon; Supplementary Table 2) , while genes involved in hydrogen oxidation (for example, the hynABC operon) 29 were also found. Moreover, the MEB genome harboured key enzymes of the Wood-Ljungdahl pathway for CO 2 fixation under autotrophic growth conditions (Supplementary  Table 2) 30 . Therefore, the magnetic ectosymbionts are likely anaerobes that are able to grow chemolithoautotrophically with H 2 as the electron donor, sulfate as the electron acceptor and CO 2 as a carbon source. Consistent with the holobiont biotope, this metabolic potential seems complementary to that assumed for the protist. Desulfonula spongiiphila EF187256
Desulfobotulus sapovorans NR 117108
Desulfofaba gelida AF099063
Desulfobacter curvatus NR 041851
Desulfobacula toluolica AJ441316
Desulfamplus magnetovallimortis FWEV01
Desulfocapsa sulfexigens NR 102510
Desulforhopalus singaporensis NR 028742
Desulfobulbus alkaliphilus NR 117882
Desulfobulbus propionicus CP002364 
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Like other symbiontids found in oxygen-depleted biotopes 3, 15 , the protist harboured a uniform layer of mitochondria-related organelles resembling hydrogenosomes beneath its cell membrane ( Fig. 2c and Supplementary Fig. 4 ). Such mitochondria-related organelles with reduced cristae are known to produce acetate 6 , molecular hydrogen and CO 2 that could diffuse to, and be metabolized by, MEB. Furthermore, the MEB may act as essential hydrogen sinks for the hydrogenosome metabolism to proceed, acting extracellularly very much like endosymbiotic methanogenic archaea or denitrifying bacteria in many hydrogenosome-bearing protists 6, 31 . Hydrogen sulfide produced by MEB sulfate respiration could help maintain a low redox potential surrounding the magnetic holobionts.
Although the protist gets an immediate benefit from having a hydrogen sink, it might also benefit from the bacterial primary production. The acquisition of organics might occur via diffusion out of the bacteria coupled to protist osmotrophy, although direct evidence for this is lacking. However, it might also happen by direct predation as in other Euglenozoa 5 . Several observations indicate that these magnetotactic protists are bacteriovorous phagotrophs capable, among others, of consuming their ectosymbiotic bacteria: (1) the presence of a rod-based feeding apparatus and a tubular cytostome, (2) the predation behaviour observed under the light microscope and (3) the presence of cells with partially dissolved magnetosomes in digestive vacuoles as has already been observed in other grazers 32 ( Fig. 2c and Supplementary Fig. 9 ). The morphology and size of the partially degraded magnetosomes that were observed were similar to those biomineralized by the MEB, strongly suggesting that the host feeds on MEB and might cultivate them as a kitchen garden. Based on the MEB gene content and the ultrastructure and behaviour of the consortium, we proposed a model describing protist-MEB symbiosis and the mutual effects relative to several biological functions: navigation and nutrition (Fig. 4) . Laboratory culturing assays and the functional annotation of the genome and transcriptome of both partners will enrich this model in the future.
The discovery of this magnetotactic symbiosis not only challenges our vision of the diversity of magnetically sensitive organisms, but also extends our knowledge of the ecological strategies involved in niche adaptation and symbiosis. Even if the existence of eukaryotic magnetite-based magnetoreceptors was suggested in microalgae (Anisonema, Euglenoidea) 30 years ago 14 , the lack of further characterization kept the mechanistic basis and the phylogenetic distribution of magnetoreception in unicellular eukaryotes a mystery. Given our data, it is very likely that the original 'magnetotactic microalga' was actually a symbiotic association between a symbiontid Euglenozoa and MEB, meaning that no unicellular eukaryote is currently known to produce magnetosomes by itself. The diversity and ecology of this type of symbiosis based on collective magnetotactic motility and interspecies hydrogen-transferbased syntrophy remains to be further characterized. However, the magnetotactic behaviour will undoubtedly facilitate the study of symbiontids and open the way towards the understanding of the mechanistic basis of cooperative sensing and its role in adaptation to anoxic environments.
Methods
Site description and sample collection. Samples were collected by free-diving in the Mediterranean Sea, in Carry-le-Rouet (43.334222° N, 5.175278° E), Port Leucate (42.885295° N, 3.050832° E), Port de Boulouris (43.413902° N, 6.807110° E) and Cap de Creus (42.323277° N, 3.307613° E), and in the Pacific Ocean in San Francisco Bay (37.862580° N, -122.315526° W) and Akaroa, New Zealand (−43.805799° N, 172.965876° E). One-litre plastic bottles were filled to about 0.2-0.3× of their volume with sediment, then filled to capacity with water that overlaid the sediment. Air bubbles were excluded. At least three bottles were collected for each site sampled. Once in the laboratory, the samples were stored under dim light at room temperature (~25 °C). For reasons of ease of access to the sampling site, the detailed ultrastructural characterization and metagenomics were carried out on samples collected from Carry-le-Rouet. The magnetotactic behaviour of the consortia, morphology of the ectosymbiotic cells and their magnetosome shape, and identification of the ectosymbionts and protistan hosts were carried out for all samples. All of these features were very similar between magnetotactic holobionts from the different locations.
Magnetic enrichment and light microscope observation. For each sample, magnetic cells were concentrated by placing two magnetic stirring bars next to the bottles above the sediment-water interface for 2 h, one magnet had its north pole pointing against the bottle (to concentrate south-seeking cells) and the other magnet had its south pole against the bottle (to concentrate north-seeking cells). Examination of magnetically concentrated cells was carried out using the hanging drop technique 33 under a Zeiss Primo Star light microscope equipped with phasecontrast and differential interference contrast optics. The local magnetic field used to determine magnetotaxis was reversed by rotating the stirring bar magnet 180° on the microscope stage. Motility and the magnetotactic behaviour of the magnetic protists were also analysed and recorded under the Leica LMD6000 light microscope equipped with a Leica DMC 4500 camera.
Chemical and cell count profiles in microcosms. Dissolved oxygen profiles were measured using a fibre-optic oxygen sensor (50 µm tip diameter; REF OXR50) and a FireStingO 2 meter, both from Pyroscience. High-resolution profiles (100 µm steps) were achieved with a motorized micromanipulator (UNISENSE, MM33-2). Sensor calibration was made against saturated air humidity (100%) and a saturated sodium sulfite solution (0%).
For cell counts, 40 µl of pore water and sediment was carefully and slowly removed at specific depths in the sample every 2 mm and observed using the hanging drop technique 33, 34 . Magnetic protists accumulating at the edge of the drops due to the magnetic field generated on one side of the drop were counted. The number of cells counted in each drop was multiplied by 25 to obtain the concentration of cells per millilitre. The cell counts were reported as the mean of triplicate counts from the same depth. These measurements, along with 
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Confocal microscopy. Morphological features of the magnetic protists were determined with a Zeiss LSM780 confocal microscope equipped with a PlanApochromat ×63/1.40 oil DIC M27 objective. Magnetically concentrated protists were deposited between a slide and coverslip, leading to the detachment of the ectosymbiotic cells from the surface of the euglenozoan after approximately 20 min. Detachment of the bacteria was accelerated by exposure of the sample to 405-nm-wavelength light, the osmotic shock induced by the addition of water next to the coverslip and/or the pressure exerted on the coverslip .
TEM. TEM was used to characterize the ultrastructure of the magnetic protists directly deposited onto TEM copper grids coated with a carbon film, employing an improved technique previously described by Monteil and colleagues 32 . Electron micrographs were recorded with a Tecnai G2 BioTWIN (FEI Company) equipped with a CCD camera (Megaview III, Olympus Soft imaging Solutions GmbH) with an accelerating voltage of 100 kV. High-resolution TEM, Z-contrast imaging in the high angle annular dark field (STEM-HAADF) mode and X-ray energy dispersive spectroscopy (XEDS) elemental mapping in the STEM-XEDS mode were carried out on a Jeol 2100F microscope. This machine, operating at 200 kV, was equipped with a Schottky emission gun, an ultra-high-resolution pole piece and an ultrathin window JEOL XEDS detector. High-resolution TEM images were obtained with a Gatan US 4000 CCD camera.
Thin-sectioned samples were prepared from magnetically concentrated protists fixed in 2.5% (w/v) glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.4) and kept at 4 °C for at least 24 h. Cells were then washed in this same buffer and postfixed for 1 h with 1% (w/v) of osmium tetroxide in cacodylate buffer. Magnetic cells were then dehydrated with successive ethanol baths with increasing concentrations and finally embedded in a monomeric resin (Epon 812). All of the chemicals used for histological preparation were purchased from Electron Microscopy Sciences. Sections (80 nm thick and 3 mm long) were made with the ultramicrotome UCT (Leica Microsystems GmbH), deposited onto TEM copper grids and stained with 1% uranyl acetate for 5 min.
Magnetosome and cell sizes were measured from TEM images using ImageJ software (1.48v).
SEM. SEM samples were prepared from magnetically concentrated protists fixed in 2.5% (w/v) glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.4) and stored at 4 °C. Samples were filtered on 0.2-μm-diameter isopore Millipore filters (Fig. 2d) or adsorbed on poly-l-lysine-coated coverslips ( Supplementary Fig. 5f ), then dried and coated with carbon. Images were collected in backscattered and secondary electron modes using a Zeiss Ultra 55 FEG-SEM operating at 1-10 kV, a working distance of 4 mm and an aperture of 10-60 µm.
Cloning and sequencing of the 18S and 16S rRNA genes of magnetically concentrated cells. The 18S and 16S rRNA genes were used to identify magnetically concentrated eukaryotic and prokaryotic cells, respectively, from samples collected in Carry-le-Rouet, Port Leucate, Port de Boulouris, Cap de Creus and Akaroa. Genomic DNA was extracted using the NucleoSpin Soil extraction kit (Macherey-Nagel). DNA was amplified using Phusion Hot Start Flex DNA polymerase following the manufacturer's recommendations. For eukaryotes, the specific 18S rRNA gene primers EukA 5′-AACCTGGTTGATCCTGCCAGT-3′ and EukB 5′-TGATCCTTCTGCAGGTTCACCTAC-3′ (ref. 35 ) were used. For bacteria, the primers 27F 5′-AGAGTTTGATCMTGGCTCAG-3′ and 1492R 5′-TACGGHTACCTTGTTACGACTT-3′ (ref. 36 ) were used. Blunt-end fragments of 16S and 18S rRNA gene sequences were cloned using a Zero Blunt TOPO PCR cloning kit with One Shot TOP10 chemically competent E. coli cells. The inserts of the resulting clones were digested using restriction enzymes to select operational taxonomic units representative of the populations and were sent for sequencing and compared with the NCBI nucleotide database with the Basic Local Alignment Search tool. This first step allowed the taxonomic assignment to the Euglenozoa phylum and Deltaproteobacteria class of the protist host and ectosymbiotic bacteria, respectively, pending further phylogenetic investigation.
Fluorescence in situ hybridization. Fluorescence in situ hybridization was performed according to Pernthaler and colleagues 37 . A specific ATTO488-labelled probe for the ectosymbiotic bacteria was designed (ECTOp, 5′-CAGTTTCTTCCCACTTGAC-3′) based on the alignment of the most similar 16S rRNA gene sequences of the Desulfobacteraceae family found in GenBank database. The probe specificity was evaluated using the PROBE_MATCH program in the RDP-II 38 . The nearest non-target hits contain at least one mismatch with the specific probe ECTOp. The nearest non-target hits are from species of the Desulfobacteraceae family along with other taxa. Known multicellular magnetotactic prokaryotes also present in their 16S rRNA gene sequence at least one mismatch with ECTOp. The oligonucleotide probes used in this study were purchased from Eurofins Genomics (Supplementary Table 3) .
A 20 µl drop of magnetically concentrated cells was deposited on a SuperFrost Plus Gold, Menzel-Gläser (Thermo Scientific) microscope slide. The cells were magnetically directed towards the edge of the drop. After 10 min, the drop was removed and the cells adsorbed on the slide were fixed overnight with 30 µl of a solution of 4% paraformaldehyde. The fixed cells were dehydrated by serial incubation for 5 min each in 50%, 80% and 100% ethanol. The hybridization solution contained 10 ng ml −1 probe, 0.9 M NaCl, 20 mM Tris-HCl (pH 7.4), 1 mM Na 2 EDTA and 0.01% SDS; the hybridization and washing stringencies recommended for each probe (35% for ECTOp; Supplementary Table 3) were used. Hybridization was performed at 46 °C for 2 h. Slides were mounted with a ProLong Diamond Antifade Mountant (Invitrogen) with or without 4,6-diamidino-2-phenyl-indole (DAPI) and then immediately observed with a Zeiss LSM780 confocal microscope.
Single-consortium sorting and WGA. Single-consortium sorting was carried out on samples collected in Carry-le-Rouet, Port Leucate, Port de Boulouris and Cap de Creus with an InjectMan NI2 micromanipulator and a CellTram vario, hydraulic, manual microinjector from Eppendorf mounted to a Leica DM IL LED microscope equipped with a ×63/0.70 PH objective. The microscope and micromanipulation equipment were placed inside a clean chamber previously exposed for 1 h to ultraviolet germicidal irradiation (wavelength of the lamp: 254 nm). A 10 µl drop of magnetically concentrated cells was gently added to a 30 µl drop of filtered water from the environment on a hydrophobic coverslip to magnetically transfer the magnetic protists towards the edge of the filtered water. A single consortium was transferred with a sterile microcapillary (TransferTip (ES); 15 µm inner diameter) into a 4 µl drop of PBS. This drop containing a single magnetic consortium was stored at 4 °C before WGA. To obtain sufficient gDNA for 16S and 18S rRNA gene and shotgun metagenomic sequencing, WGA was carried out using the multiple displacement amplification technique with the REPLI-g single cell kit (QIAGEN) following the manufacturer's instructions. The concentration of double-stranded gDNA was measured using the fluorimeter QuBit 4 (ThermoFisher Scientific).
Phylogenetic analysis. Phylogenetic trees based on 18S and 16S rRNA gene sequences were built from the sequences obtained from magnetically concentrated eukaryotic and prokaryotic cells and the closest type strains identified by BLASTN on NCBI (September 2018). For protists, the tree represents the Euglenozoa main groups and was rooted with other Excavata lineages, whereas for bacteria, the tree represents the Desulfobacteraceae family and was rooted with other Desulfobacterales of the Desulfobulbaceae family. A total of 27 complete 18S rRNA gene sequences were used from protists isolated from Carry-le-Rouet (7 sequences), Port Leucate (2 sequences), Port de Boulouris (3 sequences), Cap de Creus (1 sequence) and Akaroa (14 sequences). A total of 26 complete 16S rRNA gene sequences were used from ectosymbiotic bacteria isolated from Carry-le-Rouet (16 sequences), Port Leucate (2 sequences), Port de Boulouris (3 sequences), Cap de Creus (1 sequence) and Akaroa (4 sequences). The multiple sequence alignment was performed with MAFFT 39 and trimmed with BMGE 40 to get a final alignment containing 1,980 and 1,517 sites, respectively. For both data sets, the tree was built using the maximum-likelihood method implemented in IQ-TREE 41 using the TIM3e+R4 and TVMe+R3 substitution models selected by ModelFinder 42 with the Bayesian information criterion, respectively. The statistical support of the branches was estimated by the ultrafast bootstrapping method implemented in IQ-TREE with 1,000 replicates.
Co-evolution analysis was performed using a subset of sequences obtained after amplification of the 18S and 16S rRNA sequences from WGA products of single consortia. Both maximum-likelihood trees were built using the same approach as described before using the TN+F+R2 and TPM3+F+I models as substitution models for the protist hosts and ectosymbionts, respectively. The statistical support for the branches was estimated by a non-parametric bootstrapping approach implemented in IQ-TREE with 1,000 replicates. Both trees were midpoint rooted.
Shotgun metagenomic sequencing, assembly and functional annotation.
One single holobiont, CR-1, was sorted from a sample collected on 30 October 2017 in Carry-le-Rouet using a micromanipulator. Following WGA of this single holobiont, gDNA was first purified on a QIAamp DNA mini kit column (QIAGEN) according to the manufacturer's protocol. Purified gDNA was then quantified using a QuBit fluorimeter (ThermoFisher Scientific) and quality was evaluated on a 1% TAE agarose gel.
For Illumina sequencing, 250 ng WGA DNA was sonicated to a 100-1,000 bp size range using the E210 Covaris instrument (Covaris, Inc.). The fragments were end-repaired, then 3′-adenylated and NextFlex DNA barcodes (Bioo Scientific Corporation) were added using NEBNext DNA modules products (New England Biolabs). After two consecutive clean ups with 1×AMPure XP, the ligated product was amplified by 12 PCR cycles using the Kapa Hifi Hotstart NGS library amplification kit (Kapa Biosystems), followed by purification with 0.6×AMPure XP. After library-profile analysis conducted by a Agilent 2100 Bioanalyzer (Agilent Technologies) and qPCR quantification (MxPro, Agilent Technologies), the library was sequenced using a Illumina MiSeq with MiSeq Reagent Kit v2 (2 × 250 bp; Illumina Inc.). A total of 7.8 × 10 6 paired-end reads were obtained. The Illumina reads were trimmed with quality control methods before assembly (that is, lowquality nucleotides Q < 20, sequencing adaptors and primer sequences were Letters NATuRE MIcRoBIoLogy discarded from the reads and reads shorter than 30 nucleotides after trimming were discarded).
For nanopore sequencing, library preparation was done with 2 μg of the same input WGA DNA using the 1D long read Nanopore sequencing kit without BluePippin (SQK-LSK108, Oxford Nanopore). The library was sequenced using nanopore flow cells (R.9.4.1, Oxford Nanopore) and the MinION device with the MinKNOW v.1.10.23 and Albacore v.2.1.10 software. A total of 35,137 reads were obtained with a N50 of 6.8 Kb.
An assembly strategy was applied based on SPAdes v.3.12.0 (ref.
43
) and Unicycler v.0.4.6 (ref. 44 ) software. First, two hybrid assemblies (that is, using Illumina and nanopore reads) were launched in parallel with SPAdes (with -k 21,33,55,77,99,127 -only-assembler -sc options) and Unicycler (default options). From the Unicycler assembly graph, the connected component containing the magnetosome gene cluster was detected by alignment with magnetosome protein sequences from other organisms. This component was made of 104 contigs for a total length of 3.2 Mb. In addition, 28 other overlapping contigs (that is, more than 98% identity on more than 1 Kb) from the SPAdes assembly were retrieved by alignment on the 104 contigs of Unicycler. Illumina reads were mapped to these selected contigs with BWA v.0.7.15 (with -k 24 -T 100 options) 45 and used as input with nanopore reads to launch a second Unicycler assembly (with -no_correct option and -sc option for SPAdes). Contigs from both Unicycler assemblies were then compared and manually selected by removing inclusions and merging two overlapping contigs. The final assembly resulted in 52 contigs for a total length of 3.2 Mb with a contig N50 of 317 Kb, a GC content of 54% and 9% repeat regions. Assembly completeness and contamination were estimated at 98.1 and 1.3%, respectively, using checkM v.1.0.11 46 with a set of 247 Deltaproteobacteria-specific markers.
The automatic annotation was performed with the MicroScope platform 47 . A complete rRNA operon and a total of 48 tRNA (with at least one copy for the 20 canonical amino acids and an additional selenocysteine tRNA) were predicted. We identified 3,013 coding sequences with average coding sequence and intergenic lengths of 966 bp and 145 bp, respectively. Within the MicroScope platform, automatic functional classification of protein-coding genes was made using the eggNOG database v.4.5.1 and the eggNOG-mapper tool v.1.0.3 (with -m diamond option) 48 . The MEB for which the genome was sequenced undoubtedly represented a distinct genus (Fig. 3b) and based on the phylogeny, what we currently know phenotypically and the potential metabolism of strain CR-1, we propose the name Candidatus Desulfarcum epimagneticum (that is, the magnetic ectosymbiotic sulfate-reducing bacterium with a bow-like morphology).
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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